A spinel-based surface protection layer has been developed for alloy SOFC current collectors and bi-polar gas separators. The (Mn,Co) 3 O 4 spinel with a nominal composition of Mn 1.5 Co 1.5 O 4 demonstrates an excellent electrical conductivity and thermal expansion match to ferritic stainless steel interconnects. A slurry-coating technique provides a viable approach for fabricating protective layers of the spinel onto the steel interconnects. Thermally grown protection layers of Mn 1.5 Co 1.5 O 4 have been found not only to significantly decrease the contact resistance between a LSF cathode and stainless steel interconnect, but also inhibit the sub-scale growth on the stainless steel. The combination of the inhibited sub-scale growth, good thermal expansion matching between the spinel and the stainless steel, and the closed-pore structure contribute to the excellent structural and thermomechanical stability of these spinel protection layers, which was verified by a long-term thermal-cycling test. The spinel protection layers can also act effectively to prevent outward diffusion of chromium from the interconnect alloy, preventing subsequent chromium migration into the cathode and contact materials. PNNL is currently engaged in studies intended to optimize the composition, microstructure, and fabrication procedure for the spinel protection layers.
Introduction
Given the reduction in solid oxide fuel cell (SOFC) operating temperatures to the 600-800 o C temperature range, it has become possible to consider cost-effective high temperature oxidation-resistant alloys as replacements for conventional lanthanum chromite ceramics for construction of interconnects in SOFC stacks [1] [2] [3] . Chromia-forming ferritic stainless steels are considered to be among the most promising candidate materials due to their electrically conducting oxide scale, appropriate thermal expansion behavior, and low cost [3] [4] [5] [6] . However, several issues potentially hinder their application, including increasing electrical resistance over time, and the migration of chromium via chromia scale evaporation into SOFC cathodes [7] [8] [9] [10] , which can lead to degradation in cell electrochemical performance [9] [10] [11] [12] [13] . Newly developed alloys such as Crofer22 APU, which is protected at elevated temperatures via formation of a unique scale comprised of a (Mn,Cr) 3 O 4 spinel top layer and chromia or chromia-rich sub-layer [14] [15] [16] , may offer some improvement in this regard due to the lower volatility of Cr from spinel than from chromia. However, volatility measurements at PNNL indicate that the chromium volatility from the spinel may be only a factor of 2 lower than that from chromia (at 850ºC in air with 3%H 2 O), so Cr volatility from the spinel as well as any exposed chromia that is not covered by the spinel layer, particularly during the early stages of oxidation, may still result in an unacceptable degradation in cell performance [13, [16] [17] [18] . Also, it appears that a further improvement in long-term scale stability is needed, particularly for SOFC stacks with an operating temperature >700 o C [16, 19, 20] .
As an alternative approach to bulk alloy modification, the interconnect can be surfacemodified via application of a protection layer of conductive oxide(s) on the cathode-side. The protection layer is intended to serve as a barrier to both chromium cation outward and oxygen anion inward diffusion, so that it can decrease the alloy oxidation kinetics, mitigate or even prevent chromium migration from the chromium-containing alloy substrate, and minimize the interfacial contact area specific resistance (ASR) between the cathode and the interconnect by limiting the growth of the Cr-based oxide scale, which has relatively low conductivity.
Accordingly, the material(s) selected for the protection layer should possess high electrical conductivity coupled with low chromium cation diffusivity. Low oxygen ion diffusivity is also desirable to limit oxidation of the substrate alloy and therefore the subsequent growth of a chromia or chromia-rich scale or interlayer between the protection layer and the bulk alloy. In addition, the thermal expansion behavior of the protection layer material should match that of the substrate alloy and its scale to enhance thermomechanical integrity, particularly during thermal cycling.
Reported examples of protection layers include overlay coatings of conductive perovskite compositions, such as Sr doped lanthanum manganite, ferrite and chromite, which are often used as cathode and interconnect materials in SOFCs [21] [22] [23] [24] . These coatings help lower the interfacial contact resistance, but cell performance may still be degraded by chromium migration from either chromium-containing perovskites (e.g. (La,Sr)CrO 3 ) or non-chromium-containing compositions via chromium cation diffusion through the coatings [9, 25] [36] .
As shown in Figure 2, Figure 3 ) indicated an electrical conductivity of ~60 Scm -1 at 800 o C in air, which is 3~4 orders of magnitude higher than Cr 2 O 3 [38] , and 2~3 orders higher than MnCr 2 O 4 [37] , which is the dominant phase in the top layer of scales grown on Mn-containing oxidation resistance alloys such as Crofer22 APU.
Fabrication of Spinel Protection Layers
Several approaches are being pursued at PNNL as potential means of fabricating an adherent spinel protection layer on ferritic stainless steels. One approach that has proven successful is slurry coating. Figure 4 shows a flow chart of the slurry coating process, which starts with powder synthesis and is followed by slurry preparation, coating, and a subsequent heat treatment in a reducing environment. The spinel protection layer is finally formed via thermal growth during heat treatment in air. Two powder synthesis approaches were used:
o Solid-state reaction of MnCO 3 and Co 3 O 4 o Glycine-nitrate combustion synthesis process (GNP) [39] .
The two synthesis approaches generated powders with different properties which greatly affected the quality of the spinel protection layer and its performance. In particular, the glycine-nitrate process yielded finer, more homogeneous powders than the solid-state approach, leading to improved quality and performance of the spinel protection layers.
To synthesize the spinel via the glycine-nitrate process, appropriate amounts of also be beneficial by providing strain tolerance to improve thermomechanical stability during SOFC operation. As no obvious boundary was discernible between the sub-scale layer and the spinel protection layer, it appears that the Mn-Co spinel and the native oxide scale grown on Crofer22 APU, which is comprised of (Mn,Cr) 3 O 4 spinel and Cr 2 O 3 [4, 16] , are mutually compatible. Importantly, EDS analysis on the cross-section indicated that no detectable chromium penetration into the protection layer had occurred after a duration of 100 hours at 800 o C.
The same approach was also used to fabricate a Mn 1.5 Co 1.5 O 4 protection layer onto AISI430 ( Figure 7) . As in the case for Crofer22APU, the protection layer acted as an effective Cr barrier during the 100 hours of heat treatment. In contrast, the ASR for the Crofer22 APU with the spinel protection layer had a low initial value (~17 mohm.cm 2 ) which subsequently decreased to ~13 mohm.cm 2 after 400 hours. The lower interfacial ASR and its decreasing trend with time is tentatively attributed to the high electrical conductivity of the manganese cobalt spinel, and interactions between the protection layer and the contact material, which led to an improved electrical contact over time between these two layers. The observed contact ASR was lower than previously reported for perovskite overlay coatings, which increased with time [40, 41] .
Performance and Stability
After the short-term test, SEM analysis on the cross-section of the tested sample confirmed that the spinel layer was well-bonded to the Crofer22 APU and free of spallation or cracks. A smooth, continuous interface was observed between the protection layer and the sub-scale grown on the stainless steel. Again EDS found no evidence of Cr penetration through the protection layer into either the LSCM contact layer or the LSF cathode. In contrast, 6.0~10.0 wt% Cr was generally detected in the LSCM contact layer between the bare (unprotected) Crofer22 APU and LSF cathode, and 2.0~3.0 wt% Cr in the LSF cathode, after 400 hours of testing.
To examine its long-term performance and thermomechanical stability, Crofer22 APU with the thermally grown spinel protection layers was further tested for a period of six months under a total of 125 thermal cycles (plus three occurrences of unscheduled power failure).
During this test (see Figure 9 ), the contact ASR between the LSF cathode and the metallic interconnect at 800ºC steadily decreased from the starting value of 15.0 mohm.cm 2 to 14.3 mohm.cm 2 , demonstrating excellent stability. SEM analysis on the cross-section of the tested sample at the edge areas, where there was no contact paste applied, as shown in Figure 10 (a), indicated good thermomechanical stability of the thermally-grown protection layers. No spallation or chipping was observed, and the sub-scale only grew to a thickness ~2.0 µm. In contrast, as shown in Figure 10 (b), spallation or chipping was observed on the portion of the Crofer22 APU without a protection layer, and the scale grew to a thickness over 10 µm, which is consistent with previous work [16] . The spalled fragments were identified by EDS point analysis to be primarily (Mn,Cr) 3 O 4 spinel. Thus, the spinel protection layer on Crofer22 APU not only drastically reduced the interfacial ASR, but also inhibited the scale growth on the ferritic stainless steel by limiting oxygen ion diffusion inward through the spinel layer. The excellent thermomechanical stability and stable electrical performance are attributed to the inhibited subscale growth, an improved strain tolerance of the porous microstructure, and a good thermal expansion match between the spinel and the metal substrate.
Also, unlike many overlay coatings such as perovskites [9, 25, 41] , the spinel protection layer acted as an effective mass transport barrier in stopping chromium migration from the metal.
EDS analysis (see Figure 11 ) revealed a sharp Cr profile across the interface between the subscale and the spinel protection layer, with no chromium detectable in the spinel protection layer and at its surface after the six months thermal cycling test. No Cr was found in the LSCM contact and the LSF cathode. For example, the EDS analysis of the contact layer at point "A" in Figure 7 indicated 18% Mn, 6.0% Co, 17.0% La, 7.0% Sr, 52% O, and no Cr.
As verified by both the short-and long-term tests, the manganese cobaltite spinel protection layers thermally grown on ferritic stainless steel interconnects appear to be very effective in improving the surface stability and electrical conductivity of these metallic interconnect materials, and in preventing outward chromium cation diffusion to the interconnect surface.
(B) Stability During Cell Test
In addition to the ASR and thermomechanical stability evaluations, the spinel protection layers were further examined for their effect on the stability of electrochemical performance of an anode-supported SOFC. [18] was used as the cathode current collector, and applied to the cathode (under a compressive load) with Pt paste. Precise cell fabrication and testing techniques are detailed in an earlier publication [42] .
Overall the cell tests indicated the effectiveness of the (Mn,Co) 3 O 4 spinel protection layers in stopping chromium migration from the ferritic stainless steel interconnects and thus preventing cathode poisoning. As an example, Figure 12 shows the electrochemical performance of a cell with a Crofer22 APU cathode current collector with the spinel protection layer, in comparison with that of a cell with an unprotected Crofer22 APU current collector. The data (obtained at 0.7V/750ºC) show a rapid degradation of the cell with the unprotected Crofer22 APU current collector. SEM/EDS analysis on the cross-section of the tested sample indicated 1~3 atomic % Cr in the LSF cathode and the ceria interlayer between the cathode and the YSZ electrolyte. Chromium migration into a LSF cathode was also observed by Simner et al. [43] when a perovskite conductive oxide contact material was used. In contrast, the cell with the Crofer22 APU that was protected by the thermally grown Mn 1.5 Co 1.5 O 4 spinel layer also experienced an initial drop in performance but then exhibited a cathode conditioning effect [44] , which was followed by stable performance. SEM/EDS analysis on the cross-section of this cell found no Cr deposition or migration into the LSF cathode and the ceria interlayer. While the mechanisms behind the behavior of the two cells are complicated [45] , the correlation between stable/unstable performance and the absence/presence of Cr in the cell is apparent.
Thus it appears that the thermally grown Mn 1.5 Co 1.5 O 4 spinel protection layer on the ferritic stainless steel acted effectively as a barrier to outward diffusion of chromium from the steel. Both the prevention of chromium migration and decreased ASR (as indicated by the ASR tests described above) likely contributed to the improved electrochemical performance observed in the cell with the spinel-protected current collector.
Summary
The (Mn,Co) 3 
